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ABSTRACT Sulfur (S)-containing molecules play an important role in symbiotic ni-
trogen fixation and are critical components of nitrogenase and other iron-S proteins.
S deficiency inhibits symbiotic nitrogen fixation by rhizobia. However, despite its im-
portance, little is known about the sources of S that rhizobia utilize during symbio-
sis. We previously showed that Bradyrhizobium diazoefficiens USDA110T can assimi-
late both inorganic and organic S and that genes involved in organic S utilization
are expressed during symbiosis. Here, we show that a B. diazoefficiens USDA1107
mutant with a sulfonate monooxygenase (ssuD) insertion is defective in nitrogen fix-
ation. Microscopy analyses revealed that the AssuD mutant was defective in root
hair infection and that AssuD mutant bacteroids showed degradation compared to
the wild-type strain. Moreover, the AssuD mutant was significantly more sensitive
to hydrogen peroxide-mediated oxidative stress than the wild-type strain. Taken to-
gether, these results show that the ability of rhizobia to utilize organic S plays an
important role in symbiotic nitrogen fixation. Since nodules have been reported to
be an important source of reduced S used during symbiosis and nitrogen fixation,
further research will be needed to determine the mechanisms involved in the regu-
lation of S assimilation by rhizobia.

IMPORTANCE Rhizobia form symbiotic associations with legumes that lead to the
formation of nitrogen-fixing nodules. Sulfur-containing molecules play a crucial role
in nitrogen fixation; thus, the rhizobia inside nodules require large amounts of sul-
fur. Rhizobia can assimilate both inorganic (sulfate) and organic (sulfonates) sources
of sulfur. However, very little is known about rhizobial sulfur metabolism during
symbiosis. In this report, we show that sulfonate utilization by Bradyrhizobium di-
azoefficiens is important for symbiotic nitrogen fixation in both soybean and cow-
pea. The symbiotic defect is probably due to increased sensitivity to oxidative stress
from sulfur deficiency in the mutant strain defective for sulfonate utilization. The re-
sults of this study can be extended to other rhizobium-legume symbioses, as sulfo-
nate utilization genes are widespread in these bacteria.

KEYWORDS nodulation, nitrogen fixation, sulfonates, soybean, Bradyrhizobium,
symbiosis

hizobia, belonging to both alpha- and betaproteobacteria, form nitrogen-fixing
symbioses with legume plants (1-3). Rhizobium-legume interactions are mediated
by specific chemical signaling and lead to the formation of specialized structures, called
nodules, in which the rhizobia fix atmospheric nitrogen in exchange for carbon from
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the plant (1-4). The formation of nodules on legumes is a multistage process, involving
bacterial growth and multiplication in the rhizosphere, the recognition and infection of
root hairs, bacterial growth inside infection threads, release of the bacteria into
symbiosomes within the cytoplasm of the host root cells, and their subsequent
differentiation and development into N,-fixing bacteroids (1, 5, 6).

Once inside the nodules, rhizobia are dependent on the plant for their mineral
nutrition (4). Several studies have used rhizobial auxotrophs to gain insights into the
type of nutrient sources that the legumes provide to the bacterial symbiont. These
studies have defined the genetic mechanisms for the utilization of carbon (7), nitrogen
(4, 8-10), and phosphorus (11, 12) sources by rhizobia. In contrast, and despite its
essential importance, only a few studies have examined sulfur (S) exchange between
the legume host and its nodule bacteria.

A better understanding of S metabolism during symbiotic nitrogen fixation is
needed, as S-containing metabolites play an important role in the initiation and
maintenance of nodulation as well as the efficiency of nitrogen fixation (13). S defi-
ciency led to inhibition of nitrogen fixation in pea nodules, whereas growth and
nitrogen fixation were increased by S supplementation (14, 15). Nitrogenase, the
enzyme responsible for nitrogen fixation, contains elevated amounts of S, in the form
of FeS clusters (16). In addition, low-potential electrons are transferred from Fe-S-
containing ferredoxin or flavodoxin to nitrogenase (17). Apart from the S in nitroge-
nase, nodules contain elevated amounts of glutathione and/or homoglutathione that
can alleviate oxidative stress (18) and are required for proper development of root
nodules (19). Glutathione is also important for the microsymbiont, as rhizobial mutants
defective in glutathione synthesis are severely impaired in nodulation and nitrogen
fixation (20). In accordance with the importance of S in symbiotic nitrogen fixation, a
nodule-specific sulfate transporter was shown to be required for nitrogen fixation in
Lotus japonicus (21) indicating that the host-plant has evolved specialized mechanisms
for providing S to the microsymbiont. It has been suggested that nodules are the
primary source of assimilated S in nodulated legumes (22).

Bacteria can assimilate S from both inorganic and organic forms, and the metabolic
pathways for S assimilation, and their regulation, have been studied extensively using
Escherichia coli as a model (23-26). In contrast, few studies have examined S metabo-
lism in rhizobia, and those that have, largely focused on assimilation of sulfate, one of
the main inorganic forms of S (27-29). However, little is known about assimilation of S
from organic compounds and the mechanisms that regulate it. A better understanding
of the mechanisms of organic S metabolism is important, as the host plant converts the
inorganic sulfate from soils into organic forms (30). Additionally, from an energetics
perspective, it seems logical that bacteria would prefer to assimilate organic S-
containing compounds (mainly sulfonates and S esters), as free sulfate requires at least
2 ATPs for its assimilation into the host cell via adenosine 5’-phosphosulfate (APS) and
phosphoadenosine 5’-phosphosulfate (PAPS) (24).

We and others previously showed that in rhizobia, sulfonates play a role in symbi-
osis. For example, a mutant of Azorhizobium caulinodans ORS578 defective in a gene
for sulfonate metabolism formed nodules that were ineffective for nitrogen fixation
(31). Putative organic S utilization genes were shown to be expressed by Bradyrhizo-
bium japonicum (now renamed Bradyrhizobium diazoefficiens) USDA 1107 (32) (here,
USDA110) in soybean nodules (33-35) and in Sesbania rostrata nodules by A. caulino-
dans ORS278 (36). We previously demonstrated that USDA110 assimilated sulfonates as
sole S sources, and the sulfonate utilization genes were expressed at high levels in
soybean nodules (37).

The aim of this study was to determine the role of sulfonate utilization in later stages
of nodulation and symbiotic nitrogen fixation. By using a green fluorescent protein
(GFP)-marked strain and microscopic observations, we now show that the AssuD
mutant is defective in symbiosome formation and nitrogen fixation in soybean and
cowpea. We also show that the AssuD mutant is more sensitive to oxidative stress and
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FIG 1 The AssuD mutant strain of USDA110 shows ineffective symbiotic nitrogen fixation with soybean. (A) Soybean plants
inoculated with the AssuD mutant formed fewer nodules than the WT strain. (B) The nodules of the AssuD mutant were
much smaller than those formed by the WT. Bar, 1 mm. (C) Cross section of the nodules showing decreased leghemoglobin
(red) in nodules of the AssuD mutant compared to that in the WT. Bar, 100 um. (D). Soybean plants inoculated with the
AssuD mutant show stunted growth and symptoms of nitrogen deficiency (yellow leaves), compared to full growth and
green leaves in the WT-inoculated plants. Bar, 1.5cm. *, P < 0.01 versus the WT.

discuss the possible roles that sulfonate assimilation and S nutrition play in oxidative
stress tolerance during rhizobium-plant interactions.

RESULTS

The sulfonate monooxygenase mutant is defective in symbiotic nitrogen fix-
ation. Results from our previous study demonstrated that ssuD was required for
utilization of aliphatic sulfonates as a sole S source by USDA110 but was not required
for initial nodule formation (37). To determine if sulfonate utilization might be impor-
tant at later stages of symbiosis, we inoculated soybean with the wild-type USDA110
and AssuD strains and analyzed nodule formation and symbiotic function at 40 days
postinoculation (dpi). Results of this analysis showed that the AssuD mutant formed
fewer and smaller nodules than the wild-type (WT) strain (Fig. 1A and B). Visual
inspection of dissected nodules showed that those formed by the WT strain were
redder than those formed by the AssuD mutant (Fig. 1C). Furthermore, the leaves of
plants inoculated with the AssuD mutant showed symptoms of N deficiency compared
to those of the WT-inoculated plants (Fig. 1D). In accordance with these visual obser-
vations, the leaves of plants inoculated with the AssuD mutant contained significantly
less chlorophyll and had lower total shoot dry weights than the WT-inoculated plants
but had more than the uninoculated control plants (Fig. 2). These results indicate that
nodules formed by the AssuD mutant are defective in symbiotic nitrogen fixation with
soybean compared to those formed by the WT strain.

AssuD mutant is impaired in root hair infection and survival in nodules. To
determine the potential reasons for this observed symbiotic defect, the AssuD mutant
and the WT strains were marked with pHC60 that constitutively expresses green
fluorescent protein (GFP) (38). The GFP-marked strains were inoculated onto soybean
seedlings, and colonization was studied using confocal microscopy. As expected, the
WT strain colonized the root hairs and cortical cells and formed infection threads (Fig.
3A and B). In contrast, while the AssuD mutant was present on the root surface (Fig. 2C),
it was only occasionally detected inside root hairs (Fig. 3D).

To further study the symbiotic interaction, nodules were fixed, sectioned, and
examined using light and transmission electron microscopy (TEM). The nodules con-
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FIG 2 Chlorophyll content and growth promotion of soybean inoculated with either USDA110 WT or the
AssuD mutant strains. (A) Chlorophyll levels in the leaves of uninoculated or inoculated soybean plants.
The plants inoculated with the AssuD mutant showed significantly less chlorophyll than those inoculated
with the WT strain but more than the uninoculated plants. (B) Shoot dry weights of plants inoculated
with the AssuD mutant were similar to those of the uninoculated plants and significantly less than the
WT inoculated plants. The results are the means = standard deviations (SDs) from three independent
observations, with six plants each. Bars with different lowercase letters are significantly different (P <
0.05) from each other.

taining the WT strain showed central zone cells containing bacterioids that were
densely labeled with toluidine blue (Fig. 4A). In contrast, the nodules formed by the
AssuD mutant showed very diffuse toluidine blue staining, indicating reduced bacterial
infection of the central zone cells and potentially reduced symbiosome formation (Fig.
4B). Further analyses using TEM on nodules induced by the WT strain showed the
presence of symbiosomes containing densely packed bacteroids that contained poly-
hydroxybutyrate (PHB) granules (Fig. 4C), whereas the nodules produced by the AssuD
mutant contained bacteroids that were likely not fully formed or were degraded, and
these bacteroids also contained very little obvious PHB (Fig. 3D).

To determine if the AssuD mutant was affected in its survival/persistence within the
nodule, we determined the viability of bacteroids by reisolation and cell counts. The
numbers of AssuD mutants per gram of nodule were 100-fold less than that of the WT
strain (Fig. 5). Taken together, these results suggest that ssuD could be involved in early
as well as late symbiotic interactions between USDA110 and soybean.

The AssuD mutant is sensitive to oxidative stress. It is well known that rhizobia
encounter oxidative stress during root hair infection as well as in the nodules (39, 40).
S limitation can also lead to oxidative stress in E. coli (26), and H,0O, can oxidize the thiol
in cysteine to sulfonate (41). To determine the role of oxidative stress in the symbiotic
defect of the AssuD mutant, we compared the H,0, sensitivity of the AssuD mutant and
the WT strains. The growth of the AssuD mutant was significantly reduced in the
presence of 5 and 10 uM H,0, compared to the growth of the WT (Fig. 6). These results
suggest that ssuD may also be involved in tolerance to oxidative stress and that the
defects in root hair infection and nodule survival by the AssuD mutant could also be
due to higher sensitivity to reactive oxygen species.

The AssuD mutant is defective in symbiotic nitrogen fixation with cowpea.
USDA110 forms symbioses with hosts other than soybean, such as cowpea (Vigna
unguiculata). An earlier report suggested that bll7011, the periplasmic sulfonate-
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FIG 3 Confocal laser scanning microscopy of colonization and root hair infection of soybean by
GFP-marked USDA110 WT and AssuD mutant strains. (A) The WT strain colonizing the root hairs (arrows)
and central root tissues (*). (B) Root hair infection thread formed by the WT strain. (C) The AssuD mutant
showed diffuse colonization of root hairs (arrows) and the main root surface (*). (D) A few GFP-expressing
AssuD mutant bacteria can be seen within the infected root hair (arrow). Bars, 100 um for A and C, 30 um
for B and D.

binding protein, was involved in host-specific adaptation by USDA110 (42). To deter-
mine if the role of ssuD in the USDA110 symbiosis extends to other host plants, we
inoculated the WT and AssuD mutant onto cowpea seedlings and examined the
symbiosis at 30 dpi. Similar to the results obtained with soybean, the WT strain formed
large pink nodules (Fig. 7A) on the cowpea host, whereas the AssuD mutant formed
many small and white nodules (Fig. 7B), typical of an ineffective symbiosis. Measure-
ment of shoot dry weights showed that plants inoculated with the AssuD mutant had
significantly less dry biomass (P < 0.01) than those inoculated with the WT strain and
were similar to the uninoculated control plants. These results demonstrate that the
AssuD mutant was defective in symbiotic nitrogen fixation with cowpea as well as
soybean.

DISCUSSION

We previously reported that USDA110 uses the sulfonate monooxygenase gene
ssuD (bll7010) to metabolize alkane sulfonates as sole source of S. In this study, we
show that the ssuD gene in USDA110 is required for an effective nitrogen-fixing
symbiosis with both soybean and cowpea. While the AssuD mutant strain was able to
form nodules on both of the tested hosts, the nodules were small, white, and less
effective in N, fixation than the nodules formed by the WT strain.

S is required in relatively large amounts during the nitrogen fixation process, as it is
a required cofactor for the enzyme nitrogenase as well for the FeS clusters of many
proteins involved in electron transport (13). S limitation leads to decreases in symbiotic
nitrogen fixation, whereas supplementation of S can enhance the symbiosis (14, 15). A
few studies have determined the mechanism of S exchange between the plant and
rhizobial symbiont. Proteomic analysis identified a sulfate transporter that showed high
expression in the symbiosome membrane of Lotus japonicus (43). Moreover, an L.
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FIG 4 Microscopic analysis of soybean nodules formed by USDA110 and the AssuD mutant strains. (A)
Light micrograph of a transverse section of a nodule formed by the WT strain showing intense toluidine
blue staining of bacteria. (B) Transmission electron micrograph (TEM) of WT nodule showing elongated
bacteroids containing polyhydroxybutyrate granules in symbiosomes. (C) Light micrograph of nodule
formed by the AssuD mutant showing diffuse toluidine blue staining. (D) TEM of a nodule formed by the
AssuD mutant showing degraded bacteroids. Bars, 200 um.

japonicus mutant defective in a symbiotic sulfate transporter (SST1) showed a signifi-
cant decrease in production of leghemoglobin, the Fe protein of nitrogenase, as well as
in the rate of nitrogen fixation (21). In addition, Kalloniati et al. (22) reported that
Mesorhizobium loti-induced N,-fixing nodules on L. japonicus are likely to be a major
site for S assimilation in this legume.

Although the symbiotic defect of the SST1 mutant suggests that sulfate could be a
major S form exchanged through the symbiosome membrane (21), it is possible that
the infected plant cell could metabolize sulfate into organic forms that are then utilized
by rhizobia. This is supported by observations that cysteine auxotrophs of Sinorhizo-
bium meliloti formed effective nodules, indicating that the host plant provided cysteine
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FIG 5 Nodules infected by the AssuD mutant contain less viable bacteria than those by the WT USDA110.
Significantly fewer CFU of the AssuD mutant were reisolated from nodules than of the WT strain. Three
plants were used, and 10 nodules from each plant were weighed, pooled, homogenized, and used for
CFU determination. *, P < 0.01 versus WT.
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FIG 6 The AssuD mutant is more sensitive to H,0O, than the WT USDA110. The growth of the AssuD
mutant was inhibited in the presence of 5 uM and 10 uM H,0,, but the WT strain was unaffected by
these concentrations. *, P < 0.01 versus WT.

or other organic S molecules (44). Our results show that the ability of USDA110 to utilize
sulfonates as an S source is important for survival inside the host legume and that
sulfonates could be a source of S within root nodules.

Analysis done using a GFP-marked strain revealed that the AssuD mutant showed
impaired root hair infection compared to the WT strain (Fig. 3). However, the mutant
was not completely defective, as the infection did lead to eventual nodule formation.
It is likely that the growth of the AssuD mutant inside the root hairs was slower than the
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FIG 7 The AssuD mutant is defective in symbiosis with cowpea. (A) The WT strain formed effective nodules on cowpea. Bar,
1 mm. Inset, nodule showing leghemoglobin (pink). Bar, 100 um. (B) The AssuD mutant formed ineffective nodules. Bar,
1 mm. Inset, nodule showing lack of leghemoglobin (white). Bar, 100 um. (C) Shoot dry weight of plants inoculated with
the AssuD mutant was similar to that of the uninoculated control plant and significantly less than the plants inoculated
with WT. The results are means = SDs from three independent observations with four plants each. Bars with different
lowercase letters are significantly different (P < 0.05) from each other.
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WT strain. Light microscopy and TEM observations showed that the AssuD mutant
strain did not form intact symbiosomes and that bacterioids were likely to be degraded
inside the nodules (Fig. 4). This is further supported by the viable cell counts from the
nodules that showed that significantly fewer CFU were isolated from the AssuD
mutant-induced nodules than from the WT-induced nodules (Fig. 5).

Limitation of S leads to oxidative stress in E. coli (26), and S-containing metabolites,
such as glutathione, play an important role in tolerance to oxidative stress. It is likely
that the inability of the AssuD mutant to utilize sulfonate could result in S starvation
within the plant cells, leading to increased oxidative stress. It is also possible that ssuD
may be involved in S homeostasis of oxidation of cysteine to sulfonic acid that can
occur during rhizobium-host interactions. In fact, it was previously shown that sulfe-
nylated proteins are present during various stages of the S. meliloti-Medicago truncatula
symbiosis (49). It is clearly important for nitrogen fixation, as cysteine oxidation to
sulfonic acid is postulated to be an important means of inactivating FixK2, a major
regulator of microaerobic respiration in B. japonicum (41). In accordance with such
a role, the AssuD mutant showed significantly higher sensitivity to H,0, than did
the WT (Fig. 6).

An earlier report by Koch et al. (42) suggested that the sulfonate utilization operon
blI7011-7008 could be important for host-specific adaptation, as it showed higher
induction in the nodules of siratro (Macroptilium atropurpureum) than in nodules of
soybean and cowpea. In contrast, however, our results suggest that sulfonate utilization
plays an important role in N, fixation by USDA110 in symbiosis with both soybean and
cowpea. Genes annotated as involved in sulfonate assimilation are widespread in other
legume-nodulating rhizobia, such as Sinorhizobium (45) as well as rhizobia listed in
GenBank (https://www.ncbi.nlm.nih.gov/genbank/). The widespread presence of these
genes suggests that the ability of rhizobia to utilize sulfonate is likely to be important
for the efficiency of symbiotic nitrogen fixation.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The USDA110 and the ssuD:kan strains and E. coli DH5«
were maintained on yeast mannitol (YM) medium (46) and LB agar, respectively. The ssuD:kan insertion
mutant was constructed by disrupting ssuD with a kanamycin resistance cassette in the same orientation
and double-crossover recombination (37). Antibiotics were used as follows: kanamycin (100 ug/ml),
tetracycline (70 pg/ml).

Marking of strains with green fluorescent protein. A plasmid expressing GFP (pHC60) (38) was
transferred from E. coli into the wild-type (WT) and ssuD mutant strains by triparental conjugation.
Transconjugants were selected on YM medium, without yeast extract, containing 70 ug/ml tetracycline
(to counterselect auxotrophic E. coli). The presence of plasmid in strains was confirmed by direct
fluorescence microscopy.

Nodulation and plant growth promotion. Soybean and cowpea plants were inoculated essentially
as described previously (37). Seeds were surface sterilized with bleach, washed with sterile water six
times, and germinated on petri plates containing sterile moist paper towels. Seedlings, free of any visual
contamination, were transferred to pots containing sterile vermiculite and supplied with sterile nitrogen-
free nutrient solution containing 2 mM MgSO, as the sulfur source, which is sufficient for both plant and
bacterial growth (37). Plants were inoculated with approximately 10¢ cells/ml of the WT or AssuD mutant
strains and incubated in a plant growth chamber at 25°C with a 16-h light/8-h dark cycle. Uninoculated
plants served as negative controls. The total numbers of nodules on plants were counted 40 days
postinoculation (dpi), and their dry weight was determined. Nitrogen fixation effectiveness was deter-
mined by measuring chlorophyll content of leaves, using acetone extraction and absorption at 663 nm
and 645 nm as described previously (47), and by quantifying shoot dry weight. At least six plants were
used for each treatment, and the experiment was repeated thrice.

Enumeration of viable bacteria inside the nodules. The viability of bacteroids in nodules formed
by the WT and AssuD mutant strains was determined. Nodules were harvested, weighed, and surface
sterilized using dilute (5%) bleach. Nodules were washed multiple times with sterile water and crushed
using a wood applicator. The crushed nodule suspension was serially 10-fold diluted and plated on YM
agar plates, and total CFU were counted.

Microscopic studies of plant colonization and nodulation. The colonization of soybean by the
GFP-marked WT and AssuD mutant strains was determined using confocal laser scanning microscopy
(CLSM) as described previously (48). Replicate plants were germinated and inoculated with GFP-marked
strains as described above. Plants were examined by using CLSM at weekly intervals following inocula-
tion. Roots were stained with 100 ng ml=" propidium iodide for 5min. Free-hand sectioning was
performed on propidium iodide-stained roots, and fluorescence was observed using a Leica TCS SP2
CLSM (Leica Microsystems, Bannockburn, IL), using a wavelength of 488 nm for excitation of both GFP
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and propidium iodide. The fluorescence of GFP and propidium iodide was observed in two specific
emission windows of 500 to 550 nm (GFP) and 640 to 700 nm (propidium iodide) as described previously
(48).

For light and transmission electron microscopy, nodules were fixed with glutaraldehyde, embedded
in LR white, sectioned, and examined under a light and electron microscope as described previously (48).
The light microscopy sections (1 um) were viewed under a Zeiss Axiophot 2 optical microscope, and the
ultrathin sections for TEM were viewed using a JEOL JEM 1400 transmission electron microscope.

Tolerance to hydrogen peroxide. The WT and AssuD mutant strains were grown to mid-log phase
in YM medium, and 10-ul aliquots of mid-log-phase cultures were subcultured in fresh YM medium
containing 0, 5, 10, or 50 uM H,0,. After incubation overnight at 30°C, tolerance to H,0, was determined

Applied and Environmental Microbiology

by measuring the optical density at 600 nm (ODq,).

SUPPLEMENTAL MATERIAL
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